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ABSTRACT 
There is an ever-increasing requirement for high purity protein production in industry 
and methods to separate the protein are in high demand. Polymeric ultrafiltration 
(UF) membranes are the key component for purification and separation of proteins, 
but high hydrophobicity, low flux and poor antifouling resistance of the membranes, 
restrict their use in the protein separation application.  In the present study, sulfonated 
polyethersulfone (S-PES) and functionalized multiwall carbon nanotube (f-MWCNT) 
and polyvinyl-pyrrolidone (PVP) based nanocomposites (NCs) were used as additives 
to improve the antifouling and filtration properties of the PES-based ultrafiltration 
(UF) flat sheet membranes. The MWCNTs were first acid functionalized in order to 
improve their dispersion before blending with PVP to form NCs. In the first phase, 
the PES based UF membranes were synthesized with a variable weight percentage of 
NCs in the dimethylformamide (DMF). The chemistry of the NCs and their effect on 
the properties of PES membranes was analyzed by FTIR and XRD. The fabricated 
membranes were further characterized by FESEM, contact angle and water 
absorption tests. The AFM technique was also employed to provide an in-depth 
characterization of the membrane surface physical properties that included the 
characteristics of the grains in terms of its volume, perimeter, length, radius as well as 
surface roughness parameters. The antifouling study was conducted via measuring 
antifouling resistance parameters, including reversible, irreversible and total 
resistances with protein adhesion capacity and flux recovery rate. Results revealed 
that f-MWCNT and PVP were joined together by hydrogen bonding in the NCs and 
also in the membranes.  The blending of NCs with PES decreased the contact angle 
which led to the high flux. Compared to the pristine PES membrane, the antifouling 
ability of PES membrane incorporated with f-MWCNT/PVP NC was greater, 
recording 81.7% flux recovery and 80.2% total resistance (>76% were reversible 
one). The protein separation results revealed that the NCs based membrane was able 
to reject 93.4%, 74.7%, 59.4% and 28.5% for bovine serum albumin (66kDa), pepsin 
vi 
(34.6kDa), trypsin (20kDa) and (14.6kDa), respectively. In the second and final 
phase, the S-PES polymer with variable amount (15, 30 and 45 wt. %) was blended 
with NCs (3.1, 3.2 and 3.3 wt. %) and PES to fabricate another type of UF 
membranes. The pristine PES membrane had shown a flux rate of 12.96 l/m
2
h with 
63% flux recovery (RFR) and 30% reversible resistance (Rr). Upon modification by 
additives, the best performing membrane with NC/S-PES incorporated could 
significantly improve the flux to 161 L/m
2
h with impressive RFR(80-84%) and Rr(58-
62%) value. The UF filtration experiments were also conducted using proteins of 
different sizes. The best performing membrane was reported to remove 31.8%, 
66.3%, 83.6% and 99.9% for lysozyme, trypsin, pepsin and bovine serum albumin, 
respectively. In short, the combined effect of S-PES/NCs as an additive was proved 
better than NCs alone in fabricating a UF membrane with improved antifouling 
resistance against the protein.  
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ABSTRAK 
Dalam kajian ini, nanokomposit (NC) berasaskan sulfona polietersulfon (S-PES) gred 
komersil dan tiub nano karbon multi dinding terfungsi (f-MWCNT) yang disintesis 
dengan poli vinil pirrolidon (PVP) sebagai bahan aditif digunakan untuk 
menambahbaik sifat anti-fouling dan penapisan bagi membran kepingan rata ultra-
penapis (UF) yang berasaskan PES. MWCNT difungsikan dengan asid untuk 
menambah baik kebolehserakan sebelum dicampurkan dengan bahan aditif bagi 
membentuk NC. Dalam fasa pertama, membran UF yang berasaskan PES 
disintesiskan pada pelbagai peratus berat di dalam pelarut dimetilformamid (DMF). 
Tindak balas kimia dan kesan pada sifat membran PES dianalisa menggunakan FTIR 
dan XRD, seterusnya menggunakan teknik FESEM, sudut sentuh dan ujian serapan 
air. AFM juga digunakan untuk pencirian yang lebih mendalam tentang sifat fizikal 
permukaan termasuk isipadu, perimeter, panjang, jejari dan kekasaran permukaan 
butiran. Kajian anti-kekotoran dijalankan dengan mengukur parameter kerintangan 
terhadap hidrofilil berbalik, tidak berbalik dan kerintangan jumlah terhadap kapasiti 
lekatan protein dan kadar pemulihan fluks. Keputusan kajian menunjukkan bahawa f-
MWCNT dan PVP berinteraksi melalui ikatan hidrogen di dalam NC dan juga 
membran. Gabungan NC dan PES menyebabkan nilai sudut sentuh menurun yang 
menyebabkan fluks meningkat. Kebolehan anti-fouling PES NC yang digabungkan 
dengan MWCNT/PVP adalah lebih besar dengan catatan 81.7 % pemulihan fluks dan 
80.2 % kerintangan total (>76% adalah berbalik) jika dibandingkan dengan membran 
PES asal. Keputusan pemisahan protein menunjukkan membran berasaskan NC 
mampu menolak 93.4%, 74.7%, 59.4% dan 28.5% untuk serum albumin lembu 
(66kDa), pepsin (34.6kDa), tripsin (20kDa) dan (14.6kDa), masing-masing. Dalam 
fasa kedua dan terakhir, polimer S-PES pada pelbagai amaun (15, 30 dan 45 wt. %) 
dicampurkan dengan NC sebanyak 3.1, 3.2 and 3.3 wt. % masing-masing dan PES 
bagi menghasilkan membran UF yang lain. Membran PES asal mencatatkan kadar 
fluks 12.96 l/m
2
h dengan pemulihan fluks 63% (RFR) dan 30% kerintangan berbalik 
viii 
(Rr). Setelah diubahsuai dengan bahan aditif, membran terbaik yang digabungkan 
dengan NC/S-PES telah menambah baik bacaan fluks kepada 161 L/m
2
h dengan nilai 
RFR(80-84%) dan nilai  Rr(58-62%). Eksperimen penurasan UF yang dijalankan juga 
menggunakan protein pada pelbagai saiz. Membran terbaik dicatatkan berjaya 
memisahkan 31.8%, 66.3%, 83.6% dan 99.9% lisozim, tripsin, pepsin dan serum 
albumin lembu, masing-masing. Secara ringkas, kesan gabungan S-PES/NCs sebagai 
bahan aditif telah menambah baik NC sahaja dalam pembikinan membran UF dan 
kerintangan anti-fouling yang lebih baik terhadap protein.  
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CHAPTER 1 
INTRODUCTION 
1.1 Protein and its separation processes 
Proteins are the building blocks of human life and take part in every process that occurs 
within organisms. Most of the physiological processes occur in the presence of proteins. 
There is an ever-increasing requirement for protein production in industry and academic 
settings for a variety of applications. These include exploratory research, drug discovery 
initiatives, bio-pharmaceutical production and human food (Janson, 2012; Przybycien et 
al., 2004; Saxena et al., 2009). So far in biopharmaceuticals, nearly 200 recombinant 
proteins-based have gained approval for human therapeutic and/or diagnostic use and in 
excess of 350 are currently in late-stage clinical trials in America (Walsh, 2010). 
Notably, pharmaceutical research and manufacturers of America have estimated that its 
member companies are also developing or providing funding for pursuing the 
development of 320 different biotechnology based medicine, which are mostly protein-
based (Marichal‐Gallardo et al., 2012; Strohl, 2009; Walsh, 2010).  
Figure 1.1 shows the annual protein consumption as food in some countries and 
globally. It is expected that protein meal consumption will grow by 3% in 2016/17. The 
trade in protein meals is also estimated to increase because of the high demand in China 
and other countries (Haque et al., 2016; Tani Lee et al., 2016). 
Moreover, in biochemistry the enzymes, transport and storage molecules 
(hemoglobin and myoglobin), signalers and receptors (insulin), structural entities like 
collagen and myosin, antibodies and nutritional elements of fetus (casein) all are 
basically proteins (Jackson et al., 2016; Kinoshita, 2016; Radi et al., 2016). 
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Figure 1.1: The protein consumptions of in some major countries (Tani Lee et al., 
2016). 
The increasing aspects of high purity proteins and its concentration and 
separation methods are in high demand (Janson, 2012; Przybycien et al., 2004; Saxena et 
al., 2009). Several separation techniques such as packed bed column chromatography, 
electrophoresis, electro-ultrafiltration, electrophoretic membrane contractor, membrane 
chromatography and ultrafiltration (UF) have been used to achieve high purity proteins 
(Galier et al., 2011; Iki et al., 1996; Li et al., 2013; Orr et al., 2013; Peeva et al., 2012; 
Przybycien et al., 2004; Sarkar et al., 2009).  
Packed bed column chromatography is widely used in the separation of protein 
mixtures (Przybycien et al., 2004). However, the separation of proteins by 
chromatography is often limited by the slow protein diffusion into and out of the resin 
beads (Li et al., 2008). In addition, the scale-up cost of packed bed column 
chromatography can be very high (Li et al., 2008; Sarkar et al., 2009). Ion-exchange 
membrane chromatography has been implemented for protein concentration and 
separation (Orr et al., 2013). The use of this technique on a large scale is limited because 
of the relatively low binding capacity of typical membranes for proteins (Li et al., 2008). 
Therefore, efficient separation techniques to obtain high purity proteins at a low 
operating cost are still urgently required in biotechnology, pharmaceutical and food 
industries (Sarkar et al., 2009). 
Among these methods, UF process has been extensively adopted in the isolation 
and purification of proteins because it does not require large quantities of salts and 
buffers and could offer continuous operation and eliminate some of the troublesome 
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aspects related to chromatography techniques (Galier et al., 2011; Kumar et al., 2014b; 
Saxena et al., 2009). UF membranes were designed to provide high retention of proteins 
and other macromolecules. These membrane processes involve the filtration of 
biological and non-biological solutions containing proteins, peptides, amino acids, salts 
and other compounds like organic acids, sugars, vitamins, etc.  Some examples include 
concentration of whey proteins during the production of a variety of dairy products, 
filtration of wine or the purification of downstream solutions in biotechnology. A recent 
trend in membrane research and development are focused towards excessive precisions 
in selectivity while keeping the inherent high output. Membrane based methods give 
good throughput, scalable and can be quite cost-effective and optimized to give high 
separation and selectivity. Membrane fouling is considered one of the main problems in 
a UF of protein separation processes that affect the overall membrane performance. The 
fouling phenomena can be minimized by the selection of suitable composition and its 
weight percentage during the membrane fabrication, which is the key focus of this 
research work (Cheang et al., 2004; Saxena et al., 2009). 
1.2 Problem statement 
Polymeric UF membranes are the key component for more efficient use of UF processes 
in purification and separation of proteins and PES is one of the most broadly used 
polymers for UF membrane making. Despite the advantages as a membrane material, 
PES itself is not hydrophilic enough and thus the water permeability of PES membrane 
is not satisfactory in practical application and is susceptible to serious membrane fouling, 
leading to the gradual decrease of permeation flux and frequent membrane washing. 
Therefore, PES membrane is often modified to improve its hydrophilicity, anti-fouling 
ability and filtration properties before its practical use (Yamamura et al., 2007; Zhao et 
al., 2013). 
In recent years, inorganic materials have received more and more attention in 
membrane modification. The introducing of inorganic materials into the organic 
membrane matrix combine the basic properties of organic and inorganic materials. These 
include enhanced separation performance, promising anti-fouling ability, good thermal 
and chemical stability as well as greater adaptability to the harsh environments 
(Koseoglu-Imer et al., 2013; Yu et al., 2009b). Zirconium oxide (ZrO2), titanium oxide 
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(TiO2), zeolite, mesoporous silica (SiO2) and carbon nanotubes (CNTs) have been 
explored as inorganic fillers to fabricate UF membranes with improved antifouling 
capacity (Celik, Liu, et al., 2011; Maphutha et al., 2013; María Arsuaga et al., 2013; 
Razmjou et al., 2011). Among these materials, CNTs have gained more attention in 
laboratories and industries due to their rapid mass transport behavior, in combination 
with excellent mechanical, electrical and thermal properties.  
Multi-walled carbon nanotube (MWCNT) is a type of CNT that have physical 
features of solids and are micro-crystals coupled with exceptionally high aspect ratio 
(>1000) and large surface area. However, pristine MWCNTs tend to agglomerate or 
form bundles, leading to poor dispersion in membrane matrices and creating defects in 
membrane structure (Lu et al., 2011; Ma et al., 2010). Salvetat et al. and Choi et al. 
reported that poor dispersion of CNT could lead to the drastic weakening of the polymer 
composites which further affects the mechanical and functional properties of 
CNT/polymer composites (Choi et al., 2003; Salvetat et al., 1999). 
However, to enhance the properties of MWCNTs as active reinforcements, 
different approaches are used. These include mechanical approach (ultrasonication and 
high stirring mixing) (Mukhopadhyay et al., 2002; Schmid et al., 2000; Sun et al., 2003), 
chemical modification (covalent and non-covalent modification) (McCarthy et al., 2001; 
Touhara et al., 2004) and use of surfactant (Howard Wang, 2009). Sandler et al. 
dispersed CNT in epoxy for 1 h using high speed stirring of 2000 rpm (Sandler et al., 
1999). Surfactant developed hydrophobic/hydrophilic interactions with MWCNT and 
adsorbed on the surface of MWWNT while its hydrophilic head associated with a polar 
solvent for dissolution (Rastogi et al., 2008; Howard Wang, 2009). On the other hand, 
acid functionalization of MWCNT could improve the dispersion of nanotubes in the 
polymer matrix. It introduces carboxylic acid and hydroxyl groups on the surface of 
MWCNT which enhance the ionic character of nanotubes, resulting in improved 
dispersion in polar solvent (Jie Liu et al., 1998).  In summary, good dispersion of 
MWCNTs in membrane matrices is very important to its consistent performance. It can 
be achieved by means of functionalization, high power dispersion, and surfactants 
(Tjong, 2006).  
In order to improve the hydrophilicity of PES, PVP is commonly used as the 
hydrophilizing additives. It inhibits the protein adsorption on the membrane surface and 
increases the flux recovery ratio with reversible protein resistance. PVP is also highly 
polar, non-ionic, physiologically inert, amphiphilic and water-soluble polymer, it can 
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swell in aqueous media and alter the membrane characters during actual performance 
(Barzin et al., 2004; Sun et al., 2009; Yang et al., 2009). It has been previously reported 
that PVP could play an important role to reduce the aggregation effect of MWCNT and 
further improve its disperse ability in different solvents (Poorgholami-Bejarpasi et al., 
2015). However, it must be pointed out that the nanocomposites of PVP with f-MWCNT 
are rarely been reported in the study of protein separation and antifouling of UF 
membrane. MWCNTs are hydrophobic in nature, but the acid functionalization of 
MWCNT helps to form –COOH and –OH functional groups on its surface which are 
likely to enhance its bonding behavior toward hydrophilic molecules (Niyogi et al., 
2002; Raravikar et al., 2005). Because of this, new nanocomposites (NCs) that combine 
MWCNT and PVP via hydrogen bonding are encouraged to be used. 
Chang et al. fabricated the grapheme oxides/PVP based PVDF membrane via 
hydrogen bonding and Vander-Waals force (Chang et al., 2014). It is observed that 
without graphene oxide (GO), the increasing amount of PVP tended to create larger 
pores in PVDF/PVP membranes. Besides, most of the PVP was washed away during the 
phase inversion process. The addition of GO was claimed to interact with PVP via its 
hydroxyl/carboxyl functional groups, reducing PVP leaching and enhanced the anti-
fouling properties of membranes. Wang et al. on the other hand, coated the mussel-
inspired dopamine on commercially available and low-cost UF and MF membranes 
through one step polymerization (Wang et al., 2015). Results revealed that the resultant 
membranes that were used for treating protein-rich water and oil-in-water emulsion 
demonstrated superior antifouling, in addition to the greater water flux achieved. These 
studies suggested that appropriate modification of the membrane surface by embedding 
NCs or via coating process could improve the antifouling performance of the pristine 
polymeric membranes. 
Functionalization of the polymer backbone is a technique to improve the 
hydrophilicity without compromising membrane separation performance. Sulfonation of 
polymer for instance, could arise not only membrane hydrophilicity for better antifouling 
properties, but also increase membrane permeability (Maphutha et al., 2013). Sulfonated 
polymers were also reported to have greater thermal, chemical, mechanical and 
separation properties of the resultant asymmetric membranes (Nabe et al., 1997). Ahmad 
et al. modified the PES membrane with S-PES to enhance the permeability, pore size, 
hydrophilicity and sub-layer porosity of the membrane (Rahimpour et al., 2010). Wang 
et al. successfully minimized protein adsorption using PES membrane blended with S-
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PES (Yu et al., 2009a). Since sulfonation could increase the anionic character on the 
membrane surface, the developed membrane tends to have greater electrostatic repulsion 
towards protein molecules and favor reduced fouling phenomena (Muhammad Irfan et 
al., 2015). Thus, the practice of S-PES polymer is a respectable selection of antifouling 
membranes.  
The membrane can be modified in two ways; one of them is addition of 
appropriate additive to the casting solution and other is immobilization of polymer with 
hydrophilic fragments (Qiu et al., 2005; Rahimpour et al., 2007). In view of this, efforts 
have been made and both modification methods are adopted to analyze and optimize the 
membrane performance with respect to antifouling, permeation and separation abilities. 
Therefore, the purpose of this study is to expand the scope of using f-MWCNT/PVP 
based NCs to produce potentially high performance antifouling UF membranes that 
made of PES polymer. The scope of the studies is further increased and the best 
antifouling membranes formed by PES/NCs combinations; was again synthesized by 
blending with variable amount S-PES polymer to produce a new type of UF membrane 
that could exhibit greater surface hydrophilicity and antifouling resistance.   
1.3  Objective 
Based on the above mentioned problem statements, the current study has been 
performed with the following objectives: 
1. To synthesize and characterize the nanocomposites consist of f-MWCNT 
and PVP as additives. 
2. To study and analyze the effect of the variable amount ratio of 
nanocomposites (f-MWCNT/PVP) on the performance of PES based flat 
sheet membranes in term of chemical composition, membrane 
characteristics, hydrophilicity, antifouling resistance and protein filtration 
capacity.    
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3. To evaluate the influence of S-PES polymer loading on the 
nanocomposites/PES membrane for performances, antifouling properties 
and the rejection of different types of proteins. 
1.4  Scope  
In order to achieve the objectives, the following scopes are drawn. 
i. Functionalizing MWCNTs using concentrated sulfuric and nitric acid and 
verifying the presence of carboxyl and hydroxyl groups on the f-MWCNT 
surface using X-ray powder diffraction (XRD) and Fourier transform 
infrared spectroscopy (FTIR) analysis. 
ii. Synthesizing NCs consist of various ratio of f-MWCNT (0.05 to 1g) to PVP 
via simple blending process. The FTIR analysis was used to determine the 
chemistry of NCs. 
iii. Formulating the dope solution of flat sheet membranes using PES polymer 
incorporated with nanocomposites (f-MWCNT/PVP) via conventional 
heating method. 
iv. Fabricating PES UF membrane via phase inversion technique and studying 
the cross section morphology and surface topography of membranes using 
Field emission scanning electron microscope (FESEM). 
v. Determining surface hydrophilicity of the fabricated membranes by water 
absorption and sessile-drop dynamic method of contact angle. 
vi. Examining membrane top surface morphology using AFM technique. The 
same analysis was used for surface profile studies of formulating 
membranes, which included the volume, length, area, perimeter, radius and 
diameter of the detected grains. 
vii. Evaluating the performance of NCs membranes in terms of leaching ratio, 
pure water flux, flux recovery, total resistance, reversible and irreversible 
resistance rates and antifouling properties.  
viii. Assessing the rejection or separation performances of solution of different 
molecular weight proteins (BSA, pepsin, trypsin and lysozyme) through the 
cross flow cell and performing the adsorbed amount of BSA, static and 
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dynamic protein adsorption experiments on the prepared membranes at pH 
7. The filteration performance of the formulating membrane against 
different molecular weight protein solutions provides the real data, which 
help to explain the efficiency level of the membranes.   
1.5 Significance of the study 
The purpose of this study is to expand the scope of using f-MWCNT/PVP based NCs to 
produce potentially high performance antifouling UF membranes that are made of PES 
and S-PES polymers for protein separation. It is massively accepted that membrane 
surface are the key features that contribute for the good antifouling resistance and 
separation performances. In this work, the novel hydrophilic NCs was synthesized and 
used to improve the surface properties and its influence on PES and S-PES based 
membranes are systematically studied. To the best of our knowledge, none of such 
research has been published or accompanied using the f-MWCNT/PVP based NCs with 
S-PES polymer in protein separation UF process. The present work provides a simple 
approach for stable and nearly permanent hydrophilization of PES UF membranes, 
which can also be extended to more membrane materials prepared by a phase inversion 
process. 
1.6 Organization of the thesis 
This thesis consists of 6 chapters in which chapter 1 provides the brief information on 
the protein usage and its possible separation processes, problem statement, objectives, 
scope and significance of the research. 
Chapter 2 consists of an extensive literature review and provides the background 
evidence of current and future demands of protein, its separation processes, UF 
technologies, and disadvantages of UF techniques, the past and current trends of 
membrane materials, the PES polymer and its modification methods. In this chapter, 
attention is paid to the selection of suitable and novel additives for the improvement of 
PES properties for better filtration process related to protein separation. 
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Chapter 3 describes the complete methodology of the research work, including 
chemical and physical analysis methods, characterizations, instrument name and 
membrane experimental set up for protein separation processes. 
Chapter 4 explains the characterizations of MWCNT, f-MWCNT, NCs and 
formulated membranes in terms of surface chemistry, morphology, hydrophilicity, 
leaching ratio, flux rate, antifouling properties and protein separation of NCs and PES 
based membranes. Chapter 5 enlightens the performances and separation analysis of S-
PES and NCS based membranes using all the same methodology as mentioned in 
chapter 4. In the final chapter (chapter 6), the main conclusions of this research work and 
recommendation for future trends are mentioned. 
   
CHAPTER 2 
LITERATURE REVIEW 
2.1 Introduction 
Proteins are the most amazing group of molecules that possesses a complex architectural 
structure, constitute the basic part of the human body and used in multiple applications in 
daily life, which mainly included food productions and biomedicines. Different types of 
proteins are composed by joining 20 naturally occurring amino acids via the peptide 
bonds. The number of linked amino acids determined the final molecular weight of the 
protein chain. The protein chain if contains less than 20 amino acids showed the 
molecular weight less than 5,000 Dalton (Da), while a protein retains 50 or more amino 
acids demonstrated the molecular weight above the 5,000 Da. (Chou, 2000; Haque et al., 
2016; Myers et al., 1996).  
In the human body, hormones, oxygen carrying compound hemoglobin, various 
enzymes, RNA, DNA and bones are proteins or composed by the protein matrix. In food 
industry, the pretentious food are divided into three categories, 1- high food proteins that 
contain 20% protein, which included, poultry, fish, red meats, seeds, nuts, beans, cheese 
and eggs, etc. 2- Medium food protein, contains 6-14% protein and  rice, wheat, oats, 
millet and barley are mainly included in this group. 3- Low-protein food contains less 
than 5% protein and various fruits, juices and vegetables have belonged to this group. 
Table 2.1 shows the increasing demand of protein based foods in some of the important 
countries (Tani Lee et al., 2016). 
In pharmaceutical, proteins have been proved as important drugs of the future. 
The advance work in commercial level purification processes, fermentation and 
analytical characterization has broadened the scopes. The protein-based drugs are used 
11 
 
and also undergo testing in certain cardiovascular and metabolic diseases, mental 
disorder, hypertension, auto‐immune diseases and cancer. Many potential protein drugs 
are produced due to research in recombinant technology and available at an affordable 
price that is able for the treatment of chronic and severe diseases like rheumatoid 
arthritis, diabetes, hepatitis, etc. At this time, nearly 160 protein drugs are accessible and 
numerous hundreds are in clinical trials on the world market. The drug market of protein 
exceeds 30 billion dollar business and is predictable to increase by minimum 10% a 
year. Moreover, the bio-generics field is also expected to create a multi‐billion dollar 
business in the area of the protein therapeutics market in the future (Aspelund et al., 
2010; Janson, 2012; Udenigwe et al., 2012). 
2.2 Overview of treatment methods for purified protein products 
Some chromatographic methods like paper chromatography, thin layer 
chromatography, affinity chromatography and column chromatography  have been 
established for the separation of high-purity protein division, due to the large number of 
prospective applications of protein isolates (Saxena et al., 2009). Affinity 
chromatography is mostly used for purifying biomolecules in large-scale manufacturing 
and is frequently applied in downstream processes (Boi et al., 2007). Membrane 
isolation methods are simple, effective and readily scalable from laboratory to industrial 
settings as compared to resin-based chromatography (Gaborski et al., 2010). Rigid 
chromatography resins, such as controlled pore glass based adsorbents are generally used 
to prepared a column in the resin-based chromatography technique. It is inexpensive, but 
extremely time consuming, low separation power, irreproducible result and can quickly 
become the bottleneck for any process lab, which disturbed the separation process (Siu et 
al., 2014). In case of a membrane separation system, suitable membrane filters are used 
for protein specific protein separation, which are replaceable and provides fast and better 
results as compared to resin-based chromatography. Regardless of the significant 
struggle that has been applied toward emerging novel materials, conformations and 
configurations, the industrial application of this technology has not yet been attained.  
The main issues that need further development before an industrial application will be 
sustainable, are low selectivity and/or flux mainly during the separation of similar sized 
proteins (Valiño et al., 2014) 
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Table 2.1: The supply and distribution of major protein meals that include Copra, 
Cottonseed, Fish, Palm Kernel, Peanut, Rapeseed, Soybean, and Sunflower Meal in 
some countries (Tani Lee et al., 2016). 
(Million Metric Tons) 
  2011/12 2012/13 2013/14 2014/15 2015/16 2016/17 
Production 
      
China 66.4 70.76 74.58 78.55 83.58 86.64 
United State 39.51 38.69 39.39 43.27 42.52 43.64 
Argentina 29.75 27.27 29.12 32.3 36.84 35.87 
Brazil 30.9 28.38 29.88 32.49 32.06 32.11 
European Union 26.22 26.74 28.95 29.99 29.15 28.24 
Other 74.53 76.77 80.45 83.03 84.94 90.54 
Total 267.31 268.62 282.37 299.63 309.1 317.04 
Imports 
      
European Union 28.2 23.39 24.62 25.39 26.81 28.16 
Vietnam 2.88 3.65 3.94 4.91 5.21 5.79 
Indonesia 3.53 3.62 4.21 4.01 4.53 4.88 
United State 3.03 3.39 3.8 3.86 4.24 4.3 
Thailand 3.37 3.26 3.14 3.65 3.42 3.67 
Korea,South 3.38 3.54 3.68 3.44 3.5 3.65 
Philippines 1.86 2 2.38 2.25 2.59 2.79 
Other 32.83 31.5 34.69 34.24 36.2 37.11 
Total 79.09 74.36 80.45 81.74 86.5 90.35 
Exports 
      
Argentina 26.94 24.04 25.38 29.2 33.44 33.44 
Brazil 14.68 13.24 13.95 14.39 15.6 15.8 
United State 9.17 10.46 10.77 12.18 10.73 11.19 
Ukraine 3.86 3.07 3.81 3.74 4.53 4.65 
Indonesia 3.68 3.8 3.93 4.27 4.19 4.5 
Canada 3.49 3.66 3.67 3.84 4.36 4.25 
Paraguay 0.55 2.15 2.51 2.54 2.99 3.03 
Other 18 18.15 18.28 15.09 13.44 15.55 
Total 80.38 78.57 82.3 85.25 89.26 92.4 
Domestic 
Consumption       
China 67.84 70.94 74.61 78.71 83.25 86.37 
European Union 52.69 49.5 52.42 54.08 54.83 55.13 
United State 33.41 31.65 32.43 34.95 35.99 36.75 
Brazil 15.49 15.27 15.98 16.44 16.91 17.31 
India 11.46 11.78 12.25 12.56 13.32 13.92 
Vietnam 3.94 4.42 4.95 5.69 6.39 7.1 
Mexico 5.82 5.61 5.85 6.43 6.55 6.75 
Russia 4.18 4.24 4.95 5.42 5.83 6.17 
Japan 5.65 5.26 5.45 5.57 5.71 5.81 
Thailand 5.03 5.24 5.36 5.63 5.65 5.81 
Other 58.9 60.97 64.7 69.01 72.56 75.59 
Total 264.4 264.88 278.96 294.48 306.99 316.7 
 
Abundant quantities of protein-rich seed residue of hump plant produced for 
various industrial purposes and converted into the powdered protein products. In 
Canada, hemp seed expels oil and high protein (30–50%) residue initially via cold-
pressing method (Malomo et al., 2015). These protein yields have been shown as 
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favorable raw materials for the production of peptides with prospective human health 
applications (Girgih et al., 2014). It has been reported the reduction in protein 
functionality in high fiber and phytate contents of these plant products that limits their 
use as original food constituents (Yin et al., 2009). The usage of harsh traditional 
procedures has negative effects on protein functionalities like foaming and protein 
solubility (Liu et al., 2013; Hongjian Wang et al., 2014). The lower food functionality 
can reduce protein cross-linking and solubility. As a result, membrane filtration was 
developed in order to produce novel protein isolates with improved food functionalities, 
which also separate fiber, phytate and non-protein materials. The UF membrane prevents 
the need for harsh protein isolate procedures as well as ensuring high output with least 
conformation denaturation. Current studies have proved the successful application of 
protein separation by this novel production method with excellent properties such as soy 
protein isolate with higher protein contents (91–93%) and improved in vitro digestibility 
from phytase assisted method (Hongjian Wang et al., 2014). A well functional protein 
isolates using a combination of xylanase and phytase with high protein contents (92%) 
and a yield (75%) was obtained from rice bran (Wang et al., 1999).   
Food protein-derived peptides has been broadly accepted owing to their 
attracting huge importance, safety and multi-directional properties, for example 
antioxidant, anti-tumor, antibacterial,  antihypertensive and many more (Puchalska et al., 
2015; Udenigwe et al., 2012). These bioactive peptides are achieved from plant proteins 
such as soy, corn, peanut and rice, as well as animal protein sources such as skin of 
chicken, milk, fish and egg (Aluko, 2015; Martínez-Maqueda et al., 2012). The 
purification and separation of bioproducts for example, protein hydrolysates, vitamins, 
polysaccharides and amino acids are essential developments in the food production 
owing to the greater number of applications. Methods such as precipitation, 
centrifugation and crystallization may not yield better selectivity because these methods 
are generally used to separate solids from liquids, and take very long time to separate a 
target chemical from the mixture of dissolved solids in the solution. While, other 
selective isolation approaches like chromatography and electrophoresis are more 
expensive because they are useful to detect the organic material and for the separation on 
a large scale, it requires highly trained person  expensive equipments and excessive time  
(Saxena et al., 2009).  
In food production industries membrane separation processes have proved many 
applications, mostly in the concentration, protein hydrolysates, recovery and fraction of 
14 
 
proteins (Søtoft et al., 2015). In previous years, the requirement for purified proteins has 
been continuously developing due to the increasing growth of the biopharmaceutical 
industry (Huettmann et al., 2015; Tam et al., 2011). For purification of proteins, column 
chromatography was usually used, which requires high consumptions of energy and 
chemicals during various complicated steps (Bhattacharjee et al., 2012). Hence, devising 
an efficient and economical purification strategy is a key challenge and one which is 
faced by industry and, to a lesser extent, by academic laboratories. Protein purification 
strategies currently being employed in industrial and academic applications, with 
particular emphasis on methodologies, implemented for the production of recombinant 
proteins of biopharmaceutical importance (Saraswat et al., 2013).  Therefore, proteins 
concentration and purification is one of the most intensive separation processes for 
biotechnology, biomedicine and food production industries (Feins et al., 2004).  
To increase the selectivity, capability, and production costs, purification and 
separation techniques have been expanded to chromatography (Orr et al., 2013), 
electrophoresis (Chen et al., 2015), electrophoretic membrane contractor (Arunkumar et 
al., 2013), and ultrafiltration (UF) (Alvarez  et al., 2012). Of them, UF has been gaining 
much more consideration because it is more effective, easy to handle and could operate 
at minimum cost (Jianguo  et al., 2011). Membrane separation processes have many 
more benefits over other methods such as minimum cost, operative flexibility, scaling 
up, high output of yields while maintaining product purity in ambient environments, and 
greater advantages concerning energy consumption (Luján et al., 2015).  
2.3 Ultrafiltration (UF) technology for protein purification 
UF is a membrane based separation methods that used in different applications such as 
purifications in biotechnological and pharmaceutical productions, water and waste water 
treatment, food and beverage handling and medical fields (Munir, 1998; van Reis et al., 
2007; Zeman et al., 1996). Typically, four types of filtration technologies are used, 
which are reverse osmosis (RO), nanofiltration (NF), UF and microfiltration (MF) 
(Pendergast et al., 2011). Table 2.2 displays the brief specification of each membrane 
purification method.  
 UF technique relies on the high filtration properties of porous membranes, is 
widely used for concentration, fractionation and purification of bio-macromolecules such 
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as proteins (Cheang et al., 2004; Saxena et al., 2009; Yinhua Wan et al., 2002). UF 
methods are extensively used in the biotechnology for separation and purification of 
bioactive materials, in the food industry for the enhancement of taste and permanency of 
beverages, in the treatment of waste water and production of drinking water. In UF 
membranes the key filtration principle is the size exclusion, where membrane rejection is 
reliant on the pore size associated with the size of the molecule or nanoparticle being 
recovered and act as selective barriers (Glucina et al., 2000; Le-Clech et al., 2006; 
Lipnizki, 2004; Wu et al., 2007). Membranes have conventionally been cast off for size-
based isolations with high throughput, but comparatively low-resolution requirements 
(Van et al., 2001). 
Table 2.2: Separation specification of membrane-based filtration process 
(Pendergast et al., 2011). 
 
Nowadays, numerous membrane configurations are accessible in the laboratory 
and commercially level and Table 2.3 describes some of the commercially offered UF 
membranes and its general characteristics (Abetz et al., 2006; Peinemann et al., 2010). 
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The rapid growth of biotechnology has increased the demand for efficient and large-
scale protein purification processes (Su et al., 2009;  Zhao et al., 2009). In biotechnology 
the commonly used applications of UF downstream handling are buffer exchange, virus 
removal, protein concentration, desalting and product clarification (Wan et al., 2005). 
The UF membrane technology is widely used for the separation and purification of 
protein solutions and for the removal of bacteria/viruses in the final formulation of 
therapeutic proteins (Aspelund et al., 2010; Ghosh et al., 2000; Kelly et al., 1995). This 
technique is gentler on delicate proteins than conventional processes and is more 
economical than precise separation processes such as chromatography. Polyamides, 
polyimides, polyacrylonitrile, PVDF, PSf and PES are usually used in the fabrication of 
UF membranes (Ulbricht, 2006). These polymers have relatively low selectivity and 
permeability in UF membranes and fouling by protein solutions is also a main problem.  
To improve the membranes hydrophilicity and antifouling capacity different 
methods have been adapted as blending of hydrophobic polymer with a small fraction of 
functionalized copolymers, coating of block copolymer on the surface of membrane, 
inorganic fillers or conductive polymers and the covalent grafting of functional 
hydrophilic polymers onto the hydrophobic membrane surface by polymerization using 
ultra-violet light or atom transfer radical polymerization (Barzin et al., 2004;  Kim et al., 
2013; Liu et al., 2012; Peeva et al., 2012; Singh et al., 2008). However, the coating layer 
on the membrane surface is physically bound and easily washed off. On the other hand, 
polymer grafting on the membrane surface is responsible for differences in barrier pore 
size and scattering that can decrease the permeability of altered membranes. 
Consequently, the combination of nanofillers into the polymer matrix for the casting of 
porous low fouling hybrid membranes has gained much consideration in the field of 
technology and membrane science (Kumar et al., 2014a). 
UF membrane has a pore size approximately between 2 and 50nm and is a well-
developed low pressure process (Table 2.2). It is used in different applications such as 
RO, pre-treatment and separations in the food, dairy, paper, textile, pharmaceuticals, 
chemical and biochemical industries (Celik, Park, et al., 2011; Guo et al., 2010). UF is of 
great interest in industrial processes due to its promising advantages such as low 
operating cost, high permeability, effective removal efficiency due to its smaller pore 
size compared to microfiltration and ambient temperature operation (Westgate et al., 
2010).  
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Table 2.3: Commercially available membranes for UF process 
Manufacturer Brand Name 
Material 
Module 
MWCO 
(kDa) 
Flux          
(L.m-2.h-1) 
Applications 
Ami 
DOW/FILMTEC 
(USA) 
M-U4040 
PES 
PES (SW) 10 
4.5-18.2 at 
3.2 bar 
Pharma & food 
Ami 
DOW/FILMTEC 
(USA) 
MU2540 
PAN 
Hydrophilic 
PAN.(SW) 
20 
50 at 3.5 
bar 
Waste-water 
AMC AC 120 R01 
Modified 
PES (HF) 
15 
112 at 4.1 
bar 
Pharma & food 
Aquious UK UltraBar PES (HF) 100-150 27 
Surface-water 
treatment 
AsahiKasei (Japan) UF AP series 
Hydrophilic 
PAN (HF) 
69 16 Pharma & food 
Dainippon (Japan) PF004D PMP (HF) ― 36 
Surfactant 
solved water 
KOCH HFK-328 
SMP. PES 
(SW) 
5 24-53 Waste water 
KOCH 
*HF 8H-72-
35-PMPW 
SMP. PSf 
(HF) 
100 32 
PVC 
separation 
Luxx Ultra-Tech Inc 
(USA) 
L‖ Series 
PVDF, PES  
PS 
(Tubular) 
5 27-45 
Waste-water & 
food 
Millipore (USA) 
Ultracel 
Biomax PB 
PES (HF) 5 
35-45 at 1 
bar 
Protein 
Purification 
Millipore (USA) Amicon CA (HF) 10 
97.2 at 1 
bar 
Protein 
Purification 
Membrane element M-series 
Mod. 
Hydro. 
PAN (HF) 
0.03-1 
μm 
at 9.3 bar 
Oil-water 
separation 
Nitto Denko Japan Hydracap 
Hydro.PES 
(HF) 
150 51-128 Waste water 
PALL BTS 
Asym.PES 
Casseette 
0.5-10 
187.2 at 3 
bar   
Pharma & food 
Polymem Polymem PSf (HF) 6 
313.2 at 1 
bar 
Protein 
purification 
Sterlitech USA Sterl UF PES  (HF) 
0.04 - 
23 
9.2-210 Pharma & food 
Synder Canada PES 100 PES (SW) 70 51 
Gelation 
separation 
TriSep Canada UE10 PES (SW) 10 2.1 Dairy and food  
Poly4-methylpenten-1; PMP., PES; polyethersulfone., PSf; polysulfone., PAN; polyacrylonitrile.,  CA; cellulose acetate., Mod. 
Hydro; modified- hydrophilic., Asym.; asymmetric., HF; Hollow fiber., SW; Spiral wound., ami; applied membrane in., AMC; 
American membrane corporation., MWCO; molecular weight cutoff. 
 
Despite these advantages, one of the major drawbacks of UF membrane is the 
fouling problem that leads to flux decline as well as induces an unfavorable effect to its 
efficiency and economic feasibility (Ramesh et al., 2001).  
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2.3.1 Membrane fouling 
The major problem during the practical application of hydrophobic UF membranes of 
protein solutions is membrane fouling.  It decreases the membrane flux and enhances the 
energy consumption with operational time.  
 
Figure 2.1: The common process of pore blockage. 
Membrane fouling in UF of protein is mainly caused by adsorption of nonpolar 
solutes, hydrophobic particles or bacteria (Koh et al., 2005; Van der Bruggen, 2009) and 
nonspecific protein deposition on the surface or in the pores of the membrane by 
hydrophobic and electrostatic interactions (Celik, Liu, et al., 2011), resulting in a higher 
energy demand, shorter membrane life time and unpredictable separation performance 
(Agenson et al., 2007; Van der Bruggen, 2009). Figure 2.1 shows the schematic 
representation of different types of pore blockage due to solute particles. In general, 
fouling can be divided into 
(1) Reversible protein adsorption causes reversible fouling, which could be removed by 
simple hydraulic cleaning and  
(2) On the contrary, irreversible fouling results from the strong adsorption of protein 
molecules on the surface or entrapment of protein molecules in the pores. This implies 
that the irreversible fouling typically dominates the total membrane fouling (Celik et al., 
2011; Peeva et al., 2012). Figure 2.2 shows the diagrammatic representation of both 
types of fouling.  
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Figure 2.2: The reversible and irreversible fouling processes. 
There were evidences showing that protein was adsorbed within membrane 
pores and on the surface as well (Marshall et al., 1993; Sun et al., 2003). Some findings 
revealed that membrane fouling was more severe with the increasing pore size. There 
appeared to be an optimum pore size; below which the membrane resistance restricted 
the permeate ﬂow, and above which severe membrane fouling decreased the ﬂux 
(Marshall et al., 1993). Masatoshi Hashino et al., (2011) examined the  protein fouling 
via the adsorption behavior of BSA on three polymeric membranes, which were 
poly(vinylidene fluoride) (PVDF), PES and poly(ethylene-co-vinyl alcohol) (EVOH). 
He observed that PVDF showed the highest adsorption, while EVOH showed the lowest 
adsorption amount of BSA. He also calculated the adhesion force between PVDF–BSA 
and BSA–BSA using AFM analysis. The PVDF–BSA interaction was much stronger 
than the BSA–BSA interaction, indicating that membrane fouling resulted from the 
physicochemical interactions between polymers and BSA rather than that between BSA 
and BSA on the membrane surface. Thus, different polymeric membrane showed 
different fouling phenomena and selection of membrane materials for a particular 
application is an import task. Chemical cleaning processes are used to maintain and 
recover the flux rate, which can cause additional cost and reduce the lifetime of the 
membrane (Hadidi et al., 2014; Rana et al., 2010; Ulbricht, 2006). Therefore, it is 
essential to find other ways, which can decline the membrane fouling in UF of protein 
solutions at a specific pH during practical applications.  
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Many alteration techniques are used to reduce the membrane fouling such as 
covalent attachment of functional hydrophilic monomers to the membrane surface by 
polymerization using plasma, ultra-violet light or by atom transfer radical polymerization 
or radiation excitation have been used (Fristrup et al., 2012; Kull et al., 2005; Sorci et al., 
2013; Yu et al., 2011). These surface modification approaches may lead to changes in 
the barrier layer pore structure of the membranes that can diminish their performance 
(Fristrup et al., 2012; Sorci et al., 2013). Ho and Zydney (1999) studied the effect of 
membrane morphologies and pore structures on protein adsorption. They reported that 
rate of blockage was a function of membrane porosity due to the possibility of multiple 
pore blockages by a single protein aggregate on high porosity membranes, whereas 
membranes with interconnected pores fouled more slowly since the ﬂuid can ﬂow 
around the blocked pores through the interconnected pore structure. Several studies had 
concluded that hydrophobicity is directly related to membrane fouling (Basmadjian et 
al., 1997; Marshall et al., 1993; Vanholder, 1992) that could enhance the protein 
adsorption on the membrane surface (Feast et al., 1987; Israelachvili, 2011). Matthiasson 
(Matthiasson, 1983) with 14C-labeled BSA, studied the absorption of the BSA using 
direct measurements of protein uptake to hydrophilic and hydrophobic polymers 
membranes at CA, polyamide, PSF and in combination studies of the membrane 
hydraulic permeability before and after adsorption. PSF showed maximum adsorption 
with a surface coverage of 2-50mg/m
2
 and CA membrane showed minimum adsorption 
approximately 0.5mg/m
2
. 
2.3.2 Membrane materials 
The selective and permeable function of membranes allows certain substances to pass 
through while stopping others. The membranes are generally classified into biological 
and synthetic groups. The biological membranes are present in the living organisms and 
mainly composed of an assorted set of phospholipid molecules and proteins (Chan et al., 
2007). On the basis of composition the synthetic membranes are further divided into 
inorganic membranes (e.g. ceramic or metal membranes) and organic membranes, (e.g. 
polymeric or liquid). Moreover, membranes can also be classified due to its hydrophilic 
character (e.g. hydrophobic and hydrophilic membranes) or structures (e.g. symmetric or 
asymmetric membranes). The asymmetric membranes generally consist of porous 
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structure or porous sub-layer part and a dense top layer. The sub-layer and top layer have 
the thickness of about 50-150um and 0.1-0.5um, respectively. The first membrane 
material had discovered in the late 1950‘s and since then over 130 materials have been 
utilized to fabricate the membranes having either hydrophobic or hydrophilic characters 
(Agenson et al., 2007; Peinemann et al., 2010). Table 2.4 shows a list of some 
hydrophobic and hydrophilic polymer, which are commonly reported in the fabrications 
of UF membranes. 
Table 2.4: A list of some polymers with their basic hydrophobic and hydrophilic 
nature. 
Hydrophilic Polymers 
Polymer Names 
Common 
abbreviations 
Polymer Names 
Common 
abbreviations 
Poly(viny1 alcohol)  PVAL Cellulose acetate CA 
Poly(viny1 chloride)  PVC 
Cellulose acetate 
butyrate 
CAB 
Polyamide  PA 
Cellulose acetate 
propionate 
CAP 
Poly(acry1ic acid)  PAA Cellulose nitrate CN 
Poly(ethy1ene oxide)  PEOX Cellulose propionate CP 
Polyacrylonitrile  PAN Ethyl cellulose EC 
Poly(viny1 acetate)  PVAC 
Carboxymethyl 
Cellulose 
CMC 
Poly(viny1 butyral)  PVB   
Poly (p-hydroxystyrene)  PHS     
Hydrophobic Polymers 
Polysulfone PSf 
Polytetrafluoro 
ethylene 
PTFE 
Polyethersulfone PES (θ<90) Polyethylene PE 
Poly Vinylidene fluoride PVDF Silicone Si 
Polycarbonate PC Polyphenylene Oxide PPO 
Polypropylene PP Polyphenylene sulfide PPS 
Poly(methyl methacrylate) PMMA Polystyrene PS 
 
The polymer that repels the water molecules are said to be hydrophobic, whereas 
the hydrophilic polymer shows attraction to the water molecules. Generally, contact 
angle and water absorption measurements are used to determine the hydrophilic or the 
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hydrophobic character of the polymer. Mostly, different hydrophobic polymeric 
materials are used for preparation of UF membranes and the hydrophobic interaction 
between the foulants in the feed and the membrane surface is known to determine the 
severity of fouling phenomenon. To minimize the fouling of the membranes, numerous 
researchers have been described that the hydrophilicity and selectivity of the 
hydrophobic membranes can be enhanced by introducing cationic or anionic groups in 
the barrier layer of the membranes (Deng et al., 2013; Rohani, Mehta, et al., 2010; 
Saxena et al., 2010; Shukoor et al., 2007). The anionic or cationic groups in the 
membranes are attached by blending different fractions (%) of hydrophilic 
functionalized polymers with hydrophobic polymers. The hydrophobic polymer 
adsorbed the protein molecules through hydrophobic-hydrophobic interaction and 
introduction of the hydrophilic fragment to the hydrophobic polymer reduced the 
membrane-protein interaction, which led to lesser membrane fouling (Kumar et al., 
2013; Liu et al., 2012; Shukoor et al., 2007)..  
Organic–inorganic hybrid materials with tunable qualities and well-defined 
multi-dimensional structures have significant interest due to their prospective 
applications in biology, catalysis, ion-conduction, optoelectronics and membranes 
(Kumar et al., 2009; Mori et al., 2013). More interest has been currently devoted to 
synthesize charged organic–inorganic hybrid membranes for electro-membrane 
separation methods (Mori et al., 2013), fuel cell applications (Xiong et al., 2009), 
diffusion dialysis (Hao et al., 2013), pervaporation (Uragami et al., 2004) and UF 
(Saxena et al., 2010). The organic or polymeric constituent is responsible for flexibility, 
firmness, functionality and electrochemical properties, while inorganic material 
contributes to the mechanical, thermal and physical stability to the composite membrane 
(Kumar et al., 2009; Mori et al., 2013). 
Saxena et al., (2010) prepared negatively and positively charged organic–
inorganic hybrid UF membranes for the separation of binary mixture of proteins (BSA 
and lysozyme) solutions. The best separation of BSA or lysozyme mixture solutions was 
obtained at their isoelectric point. The isoelectric point is a pH at which a particular 
molecule carries no net electrical charge, the isoelectric point of BSA and lysozymen are 
5.4 and 11.35, respectively. At the isoelectric point, the charged BSA and lysozyme are 
existed at equilibrium position. Moreover, when they passed through the membrane, 
they were further neutralized by either the negatively or positively charged membranes 
and were stable mechanically and thermally, causing less fouling on the membrane 
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surface (Saxena et al., 2010). Kumar et al., (2013) fabricated negatively charged UF 
membranes via blending hydrophobic PSf polymer with N-propyl phosphonic chitosan 
solution using the phase inversion method. The antifouling ability and selectivity of the 
membranes were improved due to the significant increase in hydrophilicity as well as 
charge density in the barrier layer of membranes after introducing the chitosan derivative 
(Kumar et al., 2013).  
Recently, Kumar and Ulbricht have testified the sulfonated poly(arylene ether 
sulfone) (S-PAES) and poly(arylene ether sulfone) (PAES) block copolymer blends to 
prepared negatively charged UF membranes with flexible charge density. The variable 
surface charge density of the membrane was achieved by varying the fraction of S-PAES 
block copolymer in the membrane compositions. The membrane selectivity towards 
lysozyme compared to BSA was adjustable to increase in charge density of sulfonic acid 
groups in the barrier pore layer of membrane. Kumar and Ulbricht increased the 
membrane selectivity for lysozyme due to its higher (11.35) isoelectric point than BSA 
(5.4) (Kumar et al., 2014b). Higher amount of sulfonic groups not only increased the 
negative charge, but also decreased the pH. At lower pH (5-7) the BSA remain neutral, 
but lysozyme showed attraction toward the charged surface of the membrane. 
Membranes separation performance was reliant on electrostatic interaction and size-
exclusion. The increment of charge of the membrane due to sulfonic groups,  increases 
the selectivity as well as separation performance of UF membranes. The passage of 
proteins through the charged UF membranes is also dependent on the strength and type 
of electrostatic interactions between the protein and membrane at a definite pH solution 
(Arunkumar et al., 2013; Kumar et al., 2014b; Saxena et al., 2010; Sorci et al., 2013). 
Thus, increasing membrane charged is also one of the research priorities in order to 
inhibit the unfavorable protein fouling.  
2.3.3 PES: The membrane forming material 
UF methods for protein separations usually use polyacrylonitrile (PAN), PSf, polyvinyl 
chloride-polyacrylonitrile (PVC/PAN) copolymers, PVDF, PES, aromatic polyamide 
(PA) or cellulose acetate (CA) for membrane fabrication (Baker, 2004).  Among them, 
PES is a well-known and commonly used material to produce UF membranes due to its 
excellent chemical and mechanical properties, oxidation and pH resistance and thermal 
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tolerance (Al Malek et al., 2012; Razmjou et al., 2011). PES has an equivalent property 
to that of PS and is considered as bisphenol-A free membrane. Further, PES has a higher 
atomic weight ratio of sulfone groups which makes it more mechanical resistant, heat 
resistant and more hydrophilic than that of PS (Peeva et al., 2012; Westgate et al., 2010). 
PES is highly amorphous, thermoplastic, transparent, relatively less flammable, 
chemically resistant, comparatively hydrophobic and has less water sorption (0.8% at 
50% relative humidity) (Kesting, 1985).  
Figures 2.3 and 2.4 depict the typical polymer structure of PES in which two 
phenylene rings connected with sulfone groups (SO2) or ether linkages (-O-) in the 
backbone chain. The sulfone group is responsible of higher glass temperature and 
stiffness of the PES and together with the phenylene ring makes it hydrophobic and 
chemical resistance. The ether linkages create the flexibility and process ability and 
slightly decreased the hydrophobicity. The sulfone and ether linkage near the phenylene 
ring can make it easier to synthesize microporous membrane without any secondary 
processing. On the other hand, the competitive polymers like polyetherimides, 
polyarylates, polyesters and polycarbonates, all contain the hydrolyzable bridging groups 
in their repeating units, which display the degradation of molecular weight and severe 
loss of the properties on exposition to the aggressive aqueous surroundings (El-Hibri, 
2005; Kesting, 1985). 
 
Figure 2.3: (a & b), The basic structures of PES polymer. 
 
Figure 2.4: The bridging moieties. 
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